(1.5-5.0 µm long and 0.6-0.7 µm wide). The isolate grew at C (optimum 55 C) and pH 6.0-8.0 (optimum pH 7.0). The isolate was capable of reducing iron(III), manganese(IV), nitrate and sulfate as an electron acceptor. The isolate utilized a limited range of electron donors such as acetate, lactate, pyruvate and yeast extract for iron reduction. Strain ANA T also used pyruvate, fumarate, succinate, malate, yeast extract and peptone for fermentative growth. The major respiratory quinones were menaquinone-7(H8) and menaquinone-8. The strain contained C 18 : 0 , iso-C 18 : 0 and C 16 : 0 as the major cellular fatty acids. The G+C content of the genomic DNA was 34.3 mol%. Phylogenetic analysis based on 16S rRNA gene sequences indicated that strain ANA T was closely related to Calditerrivibrio nitroreducens in the phylum Deferribacteres with low sequence similarities (89.5 %), and formed a distinct clade within the family Deferribacteraceae. In addition, the isolate is the first sulfate-reducing member of the phylum Deferribacteres. Based on phenotypic, chemotaxonomic and phylogenetic properties, a novel genus and species, Petrothermobacter organivorans gen. nov., sp. nov., is proposed for the isolate (type strain=ANA T = NBRC 112621 T =DSM 105015 T ).
Deep subsurface oil reservoirs are high-temperature, anaerobic environments, and distributed worldwide [1, 2] . In such environments, acetate and methane formed by crude oil degradation are abundant [3, 4] . Previous studies have suggested that the oil reservoirs likely harbour unidentified acetate-oxidizing bacteria [5] [6] [7] , and that they play important roles in the carbon cycle and perhaps in methanogenic crude oil degradation in the environment. An uncultured member of the phylum Deferribacteres may be a possible candidate for an acetate oxidizer because all the isolates within the phylum Deferribacteres grow with acetate as an electron donor and carbon source and uncultured bacteria of the phylum Deferribacteres are often found in subsurface oil reservoirs [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, members of the phylum Deferribacteres have rarely been cultivated from high-temperature deep subsurface oil reservoirs, and their ecophysiological function remains unclear.
At the time of writing, the family Deferribacteraceae within the phylum Deferribacteres is composed of the following seven genera: Flexistipes, Geovibrio, Deferribacter, Denitrovibrio, Mucispirillum, Calditerrivibrio and Seleniivibrio. Flexistipes sinusarabici, the first species of the phylum described, was isolated from the brine water of the Atlantis II Deep of the Red Sea [8] . The genus Geovibrio was proposed as the second genus within this family, and two species, Geovibrio ferrireducens and Geovibrio thiophilus, were isolated from hydrocarbon-contaminated sediments and an acetonedegrading methanogenic enrichment derived from anoxic freshwater sediment, respectively [9, 12] . The genus Deferribacter consists of four species, Deferribacter thermophilus, Deferribacter desulfuricans, Deferribacter abyssi and Deferribacter autotrophicus. The first one was isolated from the production water of a North Sea oil reservoir [10] , and the other three were isolated from deep-sea hydrothermal vents [13, 14, 17] . The remaining four genera within the phylum Deferribacteres each have only one species with a validly published name: Denitrovibrio acetiphilus isolated from a mesophilic oil reservoir model column [11] , Mucispirillum schaedleri from the gastrointestinal tract of mice [15] , Calditerrivibrio nitroreducens from a terrestrial hot spring [16] and Seleniivibrio woodruffii from an activated sludge [18] .
In the present study, we were successful in isolating a novel bacterium affiliated with the family Deferribacteraceae from a high-temperature deep subsurface oil reservoir, and propose a novel genus and a species, Petrothermobacter organivorans gen. nov., sp. nov., based on the physiological and phylogenetic characteristics.
Yabase oil field located in Akita Prefecture (39 42¢ N 140 5¢ E) is one of the largest onshore oil fields in Japan. The depth of the oil horizon ranges from 1000 to 1300 m, in which in situ temperature and pressure were estimated to be 53-65 C and 5 MPa, respectively [4] . A production water sample that was slightly alkaline (pH 7.9) and with low salinity (Cl À , 4690 mg Àl ) [4] was collected anaerobically from a production well in the reservoir and used for isolation of strain ANA T . The production water was inoculated into basal medium [19] supplemented with acetate and NTA-Fe(III), both to a final concentration of 10 mM. The enrichment culture was incubated statically at 55 C under an atmosphere of N 2 /CO 2 [80 : 20 (v/v)]. The same basal medium and culture conditions were used for cultivation of strain ANA T unless otherwise stated. After cell growth was observed, the agar shake dilution technique [20] was used to obtain a pure culture. The purity of the isolate was confirmed by microscopic observations and by direct sequencing of the 16S rRNA genes (at least 20 reads) as detailed in a previous report [21] . Cell morphology was examined under a phase contrast microscope (Axio Observer.Z1, Carl Zeiss). The Gram staining reaction and transmission electron microscopy observation were performed as described previously [22] [23] [24] . Fatty acid methyl esters were determined by the gas chromatography/mass spectrometry method [25, 26] . Respiratory quinones and DNA G+C content were analysed using HPLC with a UV detector (SPD-20A, Prominence, Shimadzu) as described previously [25] . Sulfide concentrations were measured by the colorimetric method [27, 28] . Samples for total cell count were collected from the culture, fixed with 4 % paraformaldehyde and then stained with SYBR Green I. The stained cells were filtered through a 0.22 µm membrane filter (Isopore, Millipore) and counted under a fluorescence microscope (Axio Observer.Z1, Carl Zeiss). The 16S rRNA gene sequence of strain ANA T was determined according to previously described methods [21, 29, 30] . A phylogenetic tree of 16S rRNA gene sequences was reconstructed with the neighbour-joining and maximum-likelihood methods with 1000 bootstrap replicates using MEGA 7 software with default settings [31] .
Cells of strain ANA T were slightly curved or twisted rods with a length of 1.5-5.0 µm and a width of 0.6-0.7 µm (Fig. 1) . Colonies in the agar medium were small and brownish. Gram staining and transmission electron microscopy showed that the isolate was Gram-stain-negative. No motility or spore formation were observed under phase contrast microscopy. Growth occurred at 25-60 C, pH 6.0-8.0 and in the presence of 0-6 % (w/v) NaCl, while strain ANA T was unable to grow at 20 or 65 C, or with 7.0 % NaCl. Optimal growth was observed at 55 C, pH 7.0 and with 2.5 % NaCl. The isolate reduced NTA-Fe(III) ( ), tetracycline (100 µg ml À1 ) and rifampicin (100 µg ml À1 ), while it was sensitive to chloramphenicol (100 µg ml The respiratory quinones of strain ANA T were MK-7(H8) (55 %) and MK-8 (45 %). The major cellular fatty acids of strain ANA T were C 18 : 0 (36.8 %), iso-C 18 : 0 (13.9 %), C 16 : 0 (10.4 %), 10-methyl C 18 : 0 (9.3 %), anteiso-C 15 : 0 (8.4 %), anteiso-C 17 : 0 (8.2 %) and iso-C 16 : 0 (5.1 %). The isolate contained C 20 : 0 (2.7 %), anteiso-C 19 : 0 (2.2 %), iso-C 17 : 0 (2.0 %) and iso-C 19 : 0 (1.0 %) as minor cellular fatty acids. The genomic DNA G+C content of the isolate was 34.3 mol%.
Phylogenetic analysis based on 16S rRNA gene sequences indicated that strain ANA T was placed in the family Deferribacteraceae (Fig. 2) . Strain ANA T was closely related to an isolate designated Flexistipes sp. vp180 with high sequence similarity (99.2 %), which was isolated from a high-temperature deep subsurface oil field in the USA [5] . However, strain vp180 has not been characterized and formally described so far. Although the closest described strain was C. nitroreducens strain Yu37-1 T isolated from a terrestrial hot spring [16] , its sequence similarity to our isolate was very low (89.5 %). The phylogenetic position of the novel isolate was clearly distinct from other bacteria of the family Deferribacteraceae (Fig. 2) .
Strain ANA
T shares some common features with other members of the family Deferribacteraceae. All of the isolates are Gram-stain-negative and strictly anaerobic bacteria except for G. thiophilus, which shows autotrophic growth under microaerobic conditions using sulfide as an electron donor [12] . Acetate is utilized as carbon and energy sources by all of the members of the family Deferribacteraceae [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . By contrast, strain ANA T possesses several unique features that differentiate it from other species of the family Deferribacteraceae ( Table 1 ). The range of electron acceptors used by strain ANA T is distinct from that of other bacteria of the family Deferribacteraceae. In particular, only strain ANA T is able to use sulfate as an electron acceptor, though the amount of sulfide produced was low. In addition, most of the species of this family are capable of using Casamino acids as electron donors, but strain ANA T was not. Strain ANA T was resistant to ampicillin, vancomycin and kanamycin, but other members of the family are sensitive. These unique physiological features of strain ANA T together with its low sequence similarities (<89.5 %) to the closest phylogenetic relatives clearly indicate that a new genus should be created for the novel strain in the family Deferribacteraceae. Notably, strain ANA T is the first sulfatereducing member of the phylum Deferribacteres described and likely represents a fifth phylum containing sulfate reducers in the domain Bacteria in addition to the four current phyla: Proteobacteria (class Deltaproteobacteria), Firmicutes, Nitrospirae and Thermodesulfobacteria. This raises the possibility that sulfate-reducing bacteria are phylogenetically more diverse than ever thought. Based on the physiological and phylogenetic properties, we propose a novel genus and species, Petrothermobacter organivorans gen. nov., sp. nov., to accommodate strain ANA T .
DESCRIPTION OF PETROTHERMOBACTER GEN. NOV.
Petrothermobacter (Pe.tro.ther.mo.bac¢ter. Gr. n. petra rock, stone; Gr. n. therme heat; N.L. masc. n. bacter rod; N.L. masc. n. Petrothermobacter rod which grows in a high-temperature oil sandstone).
Geovibrio ferrireducens PAL-1 T (X95744)
Geovibrio thiophilus AAFu3 T (AJ299402)
Denitrovibrio acetiphilus N2460 T (AF146526)
Seleniivibrio woodruffii S4 T (JN107635)
Mucispirillum schaedleri HRII17 T (AY387670)
Calditerrivibrio nitroreducens Yu37-1 T (AB364234)
Petrothermobacter organivorans ANA T (LC155975)
Strain vp180 (AF220344)

Flexistipes sinusarabici DSM 4947 T (M59231)
Deferribacter thermophilus BMA T (U75602)
Deferribacter desulfuricans SSM1 T (AB086060)
Deferribacter abyssi JR T (AJ515882)
Deferribacter autotrophicus SL50 T (EU407777)
Chrysiogenes Obligately anaerobic, thermophilic, Gram-stain-negative, non-motile and non-spore forming. Major cellular fatty acids are C 18 : 0 , iso-C 18 : 0 , C 16 : 0 , 10-methyl C 18 : 0 , anteiso-C 15 : 0 , anteiso-C 17 : 0 and iso-C 16 : 0 . Major respiratory quinones are MK-7(H8) and MK-8. The type species is Petrothermobacter organivorans. The genomic DNA G+C conntent of the type strain of the type species is 34.3 mol%.
DESCRIPTION OF PETROTHERMOBACTER ORGANIVORANS SP. NOV.
Petrothermobacter organivorans (or.ga.ni.vo¢rans. N.L. n. organum organic compound; L. v. vorare to eat, to consume; N.L. part. adj. organivorans devouring organic compounds).
Cells are slightly curved rods (1.5-5.0 µm long and 0.6-0.7 µm wide). Growth occurs at 25-60 C, pH 6.0-8.0 and with 0-6 % NaCl (optimal growth at 55 C, pH 7.0 and with 2.5 % NaCl). The following substrates are utilized as an electron donor and a carbon source: acetate, lactate, pyruvate and yeast extract. The following electron acceptors can be used: iron(III), manganese(IV), nitrate and sulfate. Fermentative growth is observed on pyruvate, malate, fumarate, succinate, yeast extract and peptone. Resistant to the following antibiotics: ampicillin, vancomycin, kanamycin, tetracycline and rifampicin; sensitive to chloramphenicol, gentamicin and streptomycin.
The type strain, ANA T (=NBRC 112621 T =DSM 105015 T ), was isolated from the high-temperature deep subsurface oil 
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